Mammalian seminal plasma represents one of the richest natural sources of free choline and watersoluble choline compounds (Mann, 1954) . However, as shown by Kahane & L6vy (1936 Kahane & L6vy ( , 1937 , free choline accumulates in human seminal plasma only after ejaculation, as the result of a hydrolytic process which takes place in voided semen, on standing. Investigations on the nature ofthe choline precursor, which were carried out independently in the laboratories of Kahane in France (Kahane & L6vy, 1938 (Kahane & L6vy, , 1945 (Kahane & L6vy, , 1949 Diament, Kahane & Levy, 1952 Diament, 1954 Diament, , 1955 and of Lundquist in Denmark (Lundquist, 1946 (Lundquist, , 1947 (Lundquist, a, b, 1953 , led to somewhat conflicting results, particularly as regards (i) the ratio between free choline and the simultaneously liberated inorganic phosphate, and (ii) the nature of the phosphorylated choline precursor. It is the purpose of this paper to report the results of an investigation of the nature and distribution of choline compounds in the semen and male accessory secretions of various species. As well as human semen, the study included material from monkey, ram, goat, bull, boar, stallion, rat, rabbit, hedgehog and cock.
EXPERIMENTAL
Collection of semen and of secretion8 from male accessory organ8. Human semen from donors at the Fertility Clinic was kindly made available by Dr H. A. Davidson. The semen of ram, bull, boar, goat, rabbit and stallion was 40-2 R. M. C. DAWSON, T. Mi collected by means of an artificial vagina (Walton, 1945 ('Ringer-phosphate', Mann, 1946) ; (iv) a 'phosphatediluent' (White, Blackshaw & Emmens, 1954) , containing 0-032M-NaH2PO4 ,H20, 0-048M-Na2HPO4,12H20, 0-040M-NaCl and 0-004m-KCI. The final concentration of spermatozoa in the washed sperm suspensions was about 3 x 108 cells/ml. Chromatographic detection of GPC and phosphorylcholine. The sample of semen or seminal plasma (0.1-0.75 ml. according to the acid-soluble P content) was introduced into 4 ml. of boiling water, and maintained at 1000 for 3 min. Ethanol (7 ml.) was added and the mixture centrifuged. The slightly turbid supernatant was shaken with 30 ml. of CHC13. The milky upper layer was centrifuged for 20 min. at 10 000 g and the clear supernatant was rapidly passed through a column of Amberlite IRC 50 (H) (8 cm. x 0-8 cm.2) to remove cations. The effluent (25 ml.) was shaken with 75 ml. of isobutanol and the clear aqueous layer which separated was adjusted to pH 7 with NH3 soln., taken down to a small volume in vacuo, and then applied to the origin of the paper chromatogram. Sometimes, especially with bull, stallion and boar semen, it was difficult to apply the final solution to the chromatogram owing to the presence of a gummy material, but this had no noticeable effect on the quality of the chromatograms developed. The methods of chromatography used, and the detection of the P-containing spots, have been previously described (Dawson, 1954 (Dawson, , 1955 with three successive 5 ml. portions of boiling ethanol, the mixture being allowed to boil each time for a few minutes. The combined ethanolic extracts, representing a total of 52 mg. of total P, were filtered while still hot, and treated under constant stirring with 0-6 g. of cadmium chloride dissolved in 0-8 ml. of water and diluted with 20 ml. of ethanol; a precipitate began to form immediately. The mixture was left standing for a few hours first at room temp., and then at00, overnight. The slightly yellowish and mostly amorphous precipitate was separated by centrifuging, and washed with ethanol,, After draining off all remaining ethanol, the precipitate was dissolved in 8 ml. of water, and to the aqueous solution 95 % (v/v) ethanol was added gradually until crystallization just began. After 5 days (at 00), the snow-white crystalline material was collected in a sintered-glass crucible, washed with cold 80% (v/v) ethanol and dried in air on filter paper to constant weight. Glycerol determination. With protein-free filtrates from samples deproteinized with Ba(OH)2 and ZnSO4, glycerol was estimated by the colorimetric periodate method of Lambert & Neish (1950) as modified by Ryley (1955) . In filtrates from semen, fructose, which interferes with determinations of glycerol, was removed by the copper-lime precipitation technique, but this procedure involved small losses of glycerol owing to adsorption upon the copper-lime precipitate. GPC, analysed directly by the periodate method, gives about one-half the colour of the equivalent amount of free glycerol. An additional means of distinguishing between free and bound glycerol was obtained through chromatographic analysis with the procedure of Trevelyan, Procter & Harrison (1950) . Other determinations. Phosphorus was estimated by the method of Berenblum & Chain (1938) , after the organic Pcompounds had been converted into orthophosphate by 628 oxidation with perchloric acid. Fatty acid ester bonds were determined by the procedure of Stern & Shapiro (1953) with triacetin as a standard. Water-soluble ninhydrin-reacting N was measured by the method of Moore & Stein (1948) , with the precipitation procedure described by Dawson (1956a) . The 02 uptake was measured manometrically at 37°.
Chemicals. Ovolecithin was prepared on an alumina
column by the method of Hanahan (1954) . Any acid-soluble impurities which might have been present were removed by washing with 0 05M-MgCl2 solution according to the procedure of Folch, Ascoli, Lees, Meath & LeBaron (1951) . Lysolecithin was prepared enzymically with cobra venom (Hanahan, Rodbell & Turner, 1954) . L-a-Glycerylphosphorylcholine was prepared by the method of Dawson (1956b) , phosphorylcholine by the method of Plimmer & Burch (1937) and phosphorylethanolamine was synthesized by the procedure of Outhouse (1937) .
Gifts of L-a-glycerylphosphorylethanolamine (Professor E. Baer), phosphatidylethanolamine (Drs Lea and Rhodes) and Indian cobra venom (Zoological Society of London) are gratefully acknowledged. RESULTS GPC and phosphorylcholine in semen and accessory gland secretions All semen samples and accessory gland secretions obtained were examined for water-soluble phosphate esters by two-dimensional paper chromatography as described in the Experimental section. In every sample the major portion of the watersoluble P visible on the chromatogram could be accounted for as either GPC or phosphorylcholine, or both. Figs. 1 a and b show typical examples of this, being chromatograms prepared from human and ram semen respectively. The amount of GPC and phosphorylcholine present in the semen varied considerably between the species, a roughly comparative assessment of the quantity as judged from the size and intensity of the chromatographic spots and the quantity of material used being given in Table 1 . It is seen that the semen of the ram, goat, boar, stallion and rabbit contained exclusively GPC, whereas in man there was a small amount of GPC but a much larger quantity of phosphorylcholine. Our results concerning human semen are in agreement with those of Lundquist (1947a, b) , who was the first to isolate phosphorylcholine from fresh human semen; they do not support the possibility of phosphorylcholine arising from GPC during the isolation procedure (Diament, 1955) . Phosphorylcholine was also observed by us in small amounts in bull and monkey vesicular secretions, hedgehog accessory secretions and cock semen. In the boar and in the bull there was a particularly large concentration of GPC in the epididymal secretion, much larger than in any other secretion of the same species. The high content of GPC in the epididymal secretion might be taken to indicate that either the epididymis or the testis of the boar. and bull is concerned with the production of seminal GPC. Because of this possibility, a few preliminary experiments were carried out with these two organs from a boar, and evidence was obtained that both contain phospholipase B, an enzyme capable of producing GPC from lysolecithin. Whether, however, this activity accounts for the formation of GPC under conditions in vivo remains to be ascertained.
The values for the GPC concentration, determined as acid-labile choline (Table 1) , agree well with the comparative visual estimates obtained by chromatographic means. Although the iodide method for estimating choline is much more sensitive than the reineckate method it is rather unspecific, and consequently the values obtained with it have to be accepted with some reserve. Nevertheless, when GPC was determined in two samples of ram semen by the reineckate-precipitation method, the values were found to correspond closely with those obtained by iodide precipitation. Glycerylphosphorylethanolamine, which accompanies GPC in nearly all mammalian tissues (Campbell & Work, 1952; Ansell & Norman, 1953; Dawson, 1955) , was detected only occasionally on chromatograms, and then only in traces, amounting to less than 1 % of the GPC content (Table 1) . Phosphorylethanolamine was not detected in any of the specimens.
In view of the chromatographic and analytical results reported above, which showed that in several species, and particularly in the ram, GPC accounts for practically all the bound choline and acid-soluble P in seminal plasma, an attempt was made to isolate pure GPC from ram semen. The method used for this purpose was based on the procedure described by Baer & Kates (1948) for the preparation of the crystalline cadmium salt of synthetic GPC; it is described in the Experimental section. The crystalline cadmium salt of glycerylphosphorylcholine isolated from 40 ml. of ram seminal plasma weighed 470 mg. It was free from free choline and inorganic phosphate, and contained 23-3 % of acid-hydrolysable bound choline; calc. for (C5H2207NP)(CdC12),2HEO: 24-5% bound choline; the total phosphorus content was 6-00% P; calc.: 6-27 %. Further proof concerning the purity of the substance isolated from ram seminal plasma was obtained by hydrolysing a sample for 20 min. at 1000 in N-HCI. This resulted in complete hydrolysis to free choline and phosphoglycerol, which was shown chromatographically to be the sole P compound. No free fatty acids were liberated by hydrolysis. The small impurity present in the preparation of the cadmium salt of seminal GPC appeared to contain glutamic acid; no other amino acids were detected chromatographically, and the preparation was also free from carbohydrate, citric acid and phosphorylcholine. In view of the large amount of GPC detected in ram semen and seminal plasma it was of interest to investigate whether ram spermatozoa themselves could either produce or metabolize GPC. Washed suspensions of spermatozoa were therefore incubated for 3 hr. at 370, aerobically or anaerobically, but no liberation of GPC, inorganic P or free choline was observed. Similarly, on incubating the washed sperm suspensions with added GPC there was no disappearance of the substrate or significant production of free choline or inorganic P. The same result was obtained when whole ram semen was incubated, either as such or after diluting it with P-free Ringer solution or with the phosphate diluent. The incubation of ram seminal plasma by itself had, again, no effect on the content of GPC, and it did not result in the appearance of free choline, glycerol or inorganic phosphiate.
The semen and semlinal plasma of the bull, like those of the ram, were inactive towards GPC. In three experiments in which bull semen or seminal plasma was incubated for periods of 3-24 hr., aerobically or anaerobically, with or without penicillin, there was no liberation of any appreciable quantities of free choline, glycerol or inorganic P, nor was there a disappearance of GPC (Table 2) . This finding contrasts with the observation by Lundquist (1947a, b) that choline and inorganic P appear in bull seminal plasma on incubation. Lundquist has demonstrated that, in human semen, phosphorylcholine breaks down rapidly to choline and inorganic phosphate within a short time after ejaculation, owing to the action of the powerful acid (prostatic) phosphatase which comes in contact with the substrate at the time of ejaculation. This observation has been fully confirmed in the present study. When fresh human semen was incubated for 90 min. at 370, phosphoryloholine disappeared completely, and at the same time, equivalent amounts of free choline and inorganic phosphate were formed. The ease with which phosphorylcholine breaks down was even more evident in an experiment where freshly collected human semen was stored for 7 days at -150 instead of -78°. This period of storage was sufficient to cause the complete breakdown of the phosphorylcholine in the semen. Phosphorylcholine added to human seminal plasma also undergoes a rapid dephosphorylation; its complete disappearance was observed, for instance, in an experiment in which 0 5 ml. of a solution containing 6 mg. of sodium phosphorylcholine was incubated for 2 hr. at 370, with 0.1 ml. of human seminal plasma and 0 4 ml. of veronal buffer at pH 5*7, 7 and 8-5 respectively. The ability of human seminal plasma to dephosphorylate phosphorylcholine exceeds markedly that of ram seminal plasma and even more so that of the bull; this behaviour is in agreement with the known acid phosphatase activity levels in the semen of these three species.
Apart from the large quantity of phosphorylcholine, human semen contains some GPC, as was mentioned before (Table 1) . Unlike phosphorylcholine, however, GPC does not undergo the same rapid breakdown on incubation, and it can be detected chromatographically even after prolonged incubation of human semen (6 hr. at 370). The difference between phosphorylcholine and GPC becomes even more pronounced when one compares the behaviour of the two substrates after they have been added as pure substances to the seminal plasma; incubation for 2 hr. at 370, which as stated C. DAWSON, T. MANN AND I . G. WHITE previously hydrolyses phosphorylcholine completely, caused no breakdown of an added equivalent quantity of GPC. Thus the human seminal plasma appears to be devoid of any GPC diesterase, an enzyme which is distributed widely in mammalian tissues (Dawson, 1956b) . The fact that acid phosphatase by itself is unable to attack GPC has been stated also by Schmidt, Bessman & Thannhauser (1953) .
Effect of lecithin and lysolecithin on spermatozoa
In view of the close relationship of GPC to lecithin and lysolecithin, and the recent work on the 'protective' action of lecithin and related lipids on the sperm cells (e.g. Mayer, 1955) , a series of experiments was carried out in order to compare the metabolic behaviour of GPC with that of lecithin and lysolecithin.
When pure lecithin, emulsified in Ringer solution, was incubated aerobically with a suspension of washed ram spermatozoa, there was sometimes, but not always, a considerable increase in 02utilization, which exceeded the control values by 40-380%. Choline, GPC, phosphatidylethanolamine and triolein did not produce a similar effect on the respiration, and as the lecithin had been carefully purified from acid-soluble impurities such as amino acids, the effect must be considered as a specific stimulation by lecithin. However, the increased 02 consumption brought about by lecithin was not associated with the liberation of free choline or GPC, or phosphorylcholine; and it did not result in any decrease in the number of fatty acid ester bonds in the lecithin itself. It would thus appear that the increased 02 consumption was not due to the enzymic hydrolysis of ester bonds in the lecithin and the subsequent metabolic oxidation of the hydrolytic products. Similar stimulatory effects of lecithin, not involving any apparent oxidation of lecithin, have been observed in studies on the respiration of liver mitochondria (Rodbell & Hanahan, 1955; Marinetti & Stotz, 1956 ), but in these experiments similar effects were obtained with phosphatidylethanolamine and lysolecithin. In the present study with ram spermatozoa, phosphatidylethanolamine neither increased the respiration nor was it metabolized by the sperm cells to produce ethanolamine, phosphorylethanolamine or glycerylphosphorylethanolamine.
Lysolecithin, on the other hand, had a marked inhibitory action on the respiration of washed ram spermatozoa, even after the lysolecithin preparation had been autoclaved sufficiently to destroy the enzymic activity of any residual cobra venom which might have been left during its preparation. This decrease in respiration was associated with a loss of motility as well as with a definite morphological change in the sperm cells, namely, a detachment of the sperm head from the midpiece-tail. Cobra venom itself, which, as is well known, contains an active phospholipase A, diminished the endogenous respiration of ram spermatozoa; although no acidsoluble P was liberated, there was a decrease in the fatty acid ester bonds of the sperm suspensions, indicating that the venom had probably attacked the lipid coating of the sperm cells. It is interesting to note in this connexion that the respiratory enzyme systems of isolated liver-mitochondria preparations are also known to be sensitive to a short incubation with phospholipase-containing venoms (Nygaard & Sumner, 1953; Nygaard, Dianzani & Bahr, 1954 (1938, 1945, 1949) , but it was only in 1952 that the French investigators actually accomplished the isolation of glycerylphosphorylcholine, as a ferric salt, from the seminal vesicle secretion of rats (Diament et al. 1952) . A similar result was obtained by Lundquist (1953) , who studied the vesicular secretions of rat, guinea pig and rabbit. The Danish author also succeeded, a few years earlier, in isolating from human seminal plasma another P compound that was difficult to hydrolyse and in identifying it as phosphorylcholine (Lundquist, 1947a, b The two phosphorus-containing compounds differ characteristically in their behaviour towards seminal phosphatase. Whereas phosphorylcholine is broken down readily immediately after ejaculation, giving rise to free choline and inorganic phosphate, glycerylphosphorylcholine is stable and does not break down appreciably. Although glycerylphosphorylcholine and phosphorylcholine accounted together for the major portion of the water-soluble organically bound phosphate in the seminal plasma of all species examined, chromatographic evidence was obtained for the existence in certain species of small amounts of some other P compounds. It is interesting to note, however, that glycerylphosphorylethanolamine, which accompanies glycerylphosphorylcholine in most mammalian tissues, is detectable in seminal plasma in trace amounts only.
The occurrence of phosphorylcholine and glycerylphosphorylcholine in the seminal plasma naturally raises the problem of the mechanism of their formation in the male accessory glands of reproduction. A possibility which merits particular attention is that these compounds may be derived from the metabolism of phospholipids in organs such as the epididymis and seminal vesicle. SUMMARY 1. Glycerylphosphorylcholine and phosphorylcholine were found to account for the bulk of 'watersoluble bound choline' and 'acid-soluble, difficultlyhydrolysable phosphorus' in the seminal plasma of various mammals. In man, the content of phosphorylcholine exceeded considerably that of glycerylphosphorylcholine, whereas in ram, bull, boar, goat, stallion and rabbit practically the whole of bound choline was accounted for as glycerylphosphorylcholine. Bull and boar possess a particularly rich source of glycerylphosphorylcholine in the epididymis. Cock semen contained a small quantity of phosphorylcholine but no glycerylphosphorylcholine.
2. In addition to chromatographic means, glycerylphosphorylcholine was also identified by chemical isolation; 470 mg. of the crystalline cadmium salt was obtained from 40 ml. of ram seminal plasma. Glycerylphosphorylethanolamine was detected in trace amounts in some samples of seminal plasma, but phosphorylethanolamine was altogether absent.
3. Phosphorylcholine was readily dephosphorylated in semen after ejaculation. Glycerylphosphorylcholine was neither dephosphorylated nor changed in any other way by spermatozoa. Lecithin usually stimulated the oxygen uptake of spermatozoa, but this was not associated with an enzymic hydrolysis of ester bonds or the liberation of acidsoluble metabolic products. Lysolecithin, on the other hand, had a marked inhibitory effect on sperm respiration and motility.
